Oz et al.: Investigation of heavy metal adsorption on microplastics -7301 -APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 17(4): 7301-7310. Abstract. Microplastics and heavy metals represent two pollutant classes which have adverse impacts on aquatic ecosystems. This study has investigated the adsorption of two heavy metals [Lead (Pb)II and Aluminum (Al)III] on three different types of microplastics [polyethylene terephthalate (PET), polyamide (PA), ethylene vinyl acetate (EVA)]. The Scanning Electron Microscope (SEM) analysis has shown that microplastics have different surface characteristics. The effects of parameters such as the pH of solution, duration of contact, initial concentration and temperature on adsorption capacity have been examined.
Introduction
The term microplastic was first used in 2004 to define microscopic plastic particles with a diameter of approximately 20 microns ( Thompson et al., 2004) . In time, this definition widened to include plastic parts with diameters smaller than 5 mm (Arthur et al., 2008) . Today, it is estimated that there are at least 5.25 trillion microplastics in the seas with a weight of 268,940 tons. Microplastics are generally transported to the seas and oceans by river flows (Okubo et al., 2018) . It is thought that 10% of plastics in the oceans stem from ships and fishing activities. Furthermore, detergents, cleaning agents and cosmetic products contain microplastics as well (Aytan et al., 2016) .
It is known that plastic parts in the seas and freshwater ecosystems are divided into tiny particles by small sea creatures. Microplastics can spread widely in water environment through currents and hydrodynamic processes due to their persistent characteristics (Ng and Obbard, 2006) . Particles with a high density deposit and accumulate, while low-density particles float on water (Cauwenberghe and Janssen, 2014) . Moreover, it is more likely for buoyant particles into be swallowed and transferred to the food chain (Boerger et al., 2010) . Micrometer-sized plastic particles are swallowed by sea creatures like fish, worms, sea birds, crustaceans and clams (Hu et al., 2017) . This type of feeding might obstruct the gastrointestinal tract, leading to limited nutrition. These particles might even be transferred into the circulation system through intestinal wall. Swallowing microplastics may cause serious harm to vital functions of living creatures (Cauwenberghe and Janssen, 2014) .
Microplastics are potential carriers that can adsorb heavy metals in aquatic environments due to their specific surface areas. It is even possible for heavy metals adsorbed onto microplastics to be transferred to a great variety of aquatic organisms in both seas and freshwaters (Digka et al., 2018) . Thus, microplastics have bioaccumulation potential throughout the food chain (Galloway, 2015) .
Metal pollution is rather high in seas and freshwaters due to industrial wastes, paints containing metals and fuel combustion (Fu and Wang, 2011; Brennecke et al., 2016; Yousefzadeh et al., 2018) . In the same manner, microplastics are known to abound in seas and freshwaters because of human activities (Brennecke et al., 2016) . Until recently, interactions between plastics and metals have not been considered important. It is probably thought that polymers are ineffective against metals. However, microplastics are an important intermediary for the transportation of metals in aquatic environments and they display a higher inclination for adsorption of heavy metals in freshwaters (Holmes et al., 2012) .
The adsorption of heavy metals by microplastics may differ according to the physical properties of microplastics, the size of pores, surface area and the type of microplastics. Therefore, the type of microplastics is influential on adsorption efficiency. Three different types of microplastics were used in this experimental study, which are polyethylene terephthalate (PET), polyamide (PA) and ethylene vinyl acetate (EVA) found in the sea ecosystem. The aim of this study is to investigate the adsorption of heavy metals onto microplastics.
Material and Methods

Stock Solutions of Lead and Aluminum Ions
As the lead stock solution, 1000 mg/L of Pb(NO3)2 (Merck) was used and as the aluminum stock solution, 1000 mg/L of Al(NO3)3 (Merck) was used. Solutions with varying concentrations were prepared with these stock solutions and 1 gr of microplastics was added.
Microplastic Pellets
PET, PA and EVA were purchased as granules. These granules had sizes of 0.5-1 mm. The morphological features of plastics were examined in the Scanning Electron Microscope (SEM). Figure 1 displays the SEM micrographs of PET, PA and EVA, respectively. As can be seen in Figure 1 , the surfaces of microplastics vary according to their type. 
Experimental Study Methods
This study investigated how the adsorption capacity is affected by pH (2, 3, 4, 5, 6, 7, 8, 9, 10) duration of contact (5, 15, 30 , 60, 90 min), initial concentration (0.5, 1, 2, 3, 4, 5, 6, 7 ppm) and temperature (25, 35, 45, 55°C) , which are significant parameters in adsorption processes and which affect the solution, and the features of the adsorbent and it was tried to find optimum conditions. A solution volume of 1000 mL was used in all the adsorption experiments. The pH adjustment was carried out with 0.1 M HCl or NaOH solutions. Solutions with different concentrations were prepared by diluting the standard stock solution of Pb or A1. The solutions were added with 1 gr of PET, PA and EVA, respectively, and stirred on a magnetic stirrer with a fixed stirring speed of 180 rpm. The filtrate water was put into falcon tubes of 50 mL. Three replicates were carried out for each experiment. The concentration of metal in the filtrate was examined with ICP-OES and adsorption removal efficiencies were determined based on the results. The adsorption percentage was calculated based on the Equation 1.
where, %ads is the adsorption percentage; [A]t is the concentration of heavy metal remaining in the solution after time t; and [A]0 is the concentration of heavy metal at time 0.
Adsorption models
The adsorption isotherm models of Langmuir and Freundlich were used in this study. Linear forms of the Langmuir isotherm are shown in Equations 2, 3 and 4:
To show this in a linear way;
where, qmax is the single layer capacity of heavy metal (mg/g); Ce is the concentration of heavy metal molecules remaining in solution at equilibrium (mg/L); K is the Langmuir constant related to the adsorption balance and energy (L/mg); aL is the constant based on adsorption energy (L/mg); and qe is the amount of material adsorbed on unit adsorbent (mg/g).
When the graph of Ce/qe was drawn against Ce, the curve of the linear graph gives aL/KL and the point where it cuts the y-axis gives 1/KL. The R 2 constant was calculated to find the suitability of adsorption and this constant requires the suitability condition to have values between 0 and 1 (Hamdaoui and Naffrechoux, 2007) .
The linear forms of the Freundlich isotherm are shown in the Equations 5 and 6. where; Ce is the concentration of the material remaining after adsorption (mg/L); qe is the amount of adsorbed material on unit adsorbent (mg/g); Kf is calculated experimentally. Adsorption capacity (L/g); n is the heterogeneity factor (without unit).
In the Freundlich isotherm, the logarithm of both sides of the Equation 5 is taken and linearized.
(Eq.6)
The Kf and n constants are determined by drawing the change of log qe according to log Ce. The cut off point of the y-axis of the line obtained from the graph gives log Kf and its curve 1/n (Aksu and Yener, 2001) .
Adsorption Kinetics
In order to explain the adsorption of heavy metals on any adsorbent, usually the pseudo-first order and pseudo-second order models are used. In the pseudo-first order model of Lagergren, it is seen that a proportional change occurs in time when solid surface is saturated in different concentrations.
The pseudo-first order equation is given with (Eq. 7);
where; qt is the amount of adsorbate on adsorbent at any time (mg/g); k1 is the first order kinetic rate constant (min -1 ). If a graph is drawn between ln(qe-qt) and t, a straight line is obtained. The curve of this line gives the k1 constant and the point where it cuts the y-axis gives the lnqe value (Lagergren, 1898) .
The pseudo-second order equation is given with (Eq. 8);
(Eq.8)
where; k2 is the second order kinetic rate constant is (gr/mg.min). When a graph is drawn between t/qt and t, a straight line is obtained. The curve of this line gives the 1/qe value and the point where it cuts the y-axis gives the 1/k2.qe2 value (Ho and Mckay, 1999) .
Results and Discussion
Adsorption Experiments
The most significant factor in heavy metal adsorption is pH. During the experiments, initially concentration, the duration of contact and temperature were kept constant and pH values ranging between 2-10 were used. When heavy metals had a tendency to precipitate at pH 6 or higher, the pH was determined to be 5.5.
The optimum pH was set as 5.5 against the precipitation tendency of heavy metals (Li et al., 2008) . Pb(II) or Al(III) solutions were studied for 5-90 min in pH 5.5 with a concentration of 1 ppm and it was established that the optimum duration of contact was 60 min. Furthermore, solutions were prepared with a pH value of 5.5 between the http://www.aloki.hu • ISSN 1589 1623 (Print) • ISSN 1785 0037 (Online) DOI: http://dx.doi.org/10.15666/aeer/1704_73017310  2019, ALÖKI Kft., Budapest, Hungary ranges of 0.5-7 ppm and stirred at 25°C for 60 min in order to examine the concentration changes of Pb(II) and Al(III) ions. At the end of the experiment, it was seen that the optimum concentration was 4 ppm for Pb(II) and 3 ppm for Al(III). The experiment results in Figure 2 and Figure 3 were obtained by working at optimum pH, contact time and initial concentration to investigate the temperature effect of Pb (II) and Al (III) ions on adsorption. The highest adsorption capacities were obtained in experiments conducted in optimum conditions with a pH value of 5.5, an initial concentration of 4 ppm, a temperature of 55°C and with a 60-min stirring time. It is seen in the graph given in Figure 2 that the adsorption capacity increased for PET, PA and EVA with increasing temperatures but it was not affected much. The adsorption capacity also changed based on the type of microplastic. The adsorption capacities were detected as PA, PET, and EVA in the descending order. The high adsorption capacity of PA supports the results of other studies in literature (Wang et al., 2015; Li et al., 2018) .
Experiments were repeated for the adsorption of PET, PA and EVA on Al(III) and the adsorption of EVA on Al(III) did not occur in any circumstances. It is seen in the graph given in Figure 3 that the adsorption capacity of PET and PA increased with increasing temperatures but it was not affected much. The adsorption capacity also changed based on the type of microplastic. The adsorption capacity of PET was higher than that of PA in adsorption experiments carried out under the same conditions. The studies suggest that the polarity of MPs can affect the adsorption levels of polar chemicals. Physicochemical properties of MPs may affect the adsorption capacity (Teuten et al., 2009; Wang et al., 2015; Li et al., 2018) .
Adsorption isotherm of heavy metals in microplastics
Experiments for adsorption isotherms were carried out in concentrations of 0.5-1-2-3-4-5-6-7 mg/L. When the R 2 values of the Langmuir and Freundlich isotherms were studied in experimental results obtained in adsorption equilibrium state for all three microplastics, it was determined that the regression coefficients of the Freundlich isotherm were higher than the Langmuir isotherm and they were more suitable for the Freundlich isotherm (Figure 4) . Several studies have reported that the sorption of pollutants on microplastics fit well with Freundlich model ( The balance data obtained were applied to the Freundlich and Langmuir models, which are widely used to explain the adsorption process, and the constants of both isotherms were calculated. The predicted Langmuir and Freundlich constants are summarized in Table 1 and Table 2 . 
Adsorption Kinetic of Microplastics and Heavy Metals
Adsorption kinetics is important when assessing adsorption efficiency. The kinetic study was conducted in order to understand the time-dependent behavior of heavy metal adsorption on microplastics. Adsorption capacities (qe) and adsorption rate constants (k1 and k2) were calculated using the curve values of the lines in the graphs which were drawn by calculating the values corresponding to different adsorption durations (t) and given in Figure 5 . For Pb(II) and Al(III), the adsorption efficiency in the first 60 min after adsorption experiments began and later it reached adsorption equilibrium and slowed down. Based on these results, a contact duration of 60 min was selected. The pseudo-first and pseudo-second order models determine the adsorption rate. While the adsorption rate is a physical process for the pseudo-first order model, it is a chemical process for the pseudo-second order model involving the adsorbent force (Mohan et al., 2006) . Therefore, the data in the kinetic study in Figure 5 were applied to the pseudo-first and pseudo-second order models to investigate rate limiting mechanisms. The results of the pseudo-first and pseudo-second order models are summarized in Table 3 and Table 4 including parameters like k1 and k2 and experimental (qe,exp). For both metals (qe,cal), the values of the balance adsorption amount and the correlation coefficient (R 2 ) are suitable with the pseudo-second order model, which is higher than the pseudo-first order model. 
Conclusion
Microplastics and heavy metals are sources of pollution in sea and freshwater ecosystems. The interaction between these two pollutants may create a serious problem to aquatic ecosystems. This study investigated the role of PA, PET and EVA in the transport of the heavy metals of Pb and Al to the food chain and in their bioaccumulation.
The adsorption behaviors of 2 heavy metals on 3 types of microplastic pellets were carefully evaluated. Our results showed that adsorption capacities varied among heavy metals, plastic types, and environmental conditions (e.g., pH). Overall, the adsorption percentage in the study was low. In addition, literature studies, laboratory tests and environmental monitoring using plastic pellets have shown that plastics can accumulate metals (Wang et al., 2017) . Heavy metals and persistent organic pollutants enter into the food chain and bioaccumulation may occur in living things that swallow these microplastics (Wang et al., 2016) . Because of the abundance of plastics in aquatic ecosystem their role in respect of bioaccumulation of a broader range of contaminants merits further study.
